The ability to probe the three-dimensional atomic structure of materials is an essential tool for material design and failure analysis. Atom-probe tomography has proven very powerful to analyze the detailed structure and chemistry of metallic alloys and semiconductor structures while ceramic materials have remained outside its standard purview. In the current work, we demonstrate that bulk alumina can be quantitatively analyzed and microstructural features observed. The analysis of grain boundary carbon segregation -barely achievable by electron microscopyopens the possibility of understanding the mechanistic effects of dopants on mechanical properties, fracture and wear properties of bulk oxides.
Probing the improbable: imaging C atoms in alumina
Atom-probe tomography, however, requires some minimum electrical conductivity (typically σ=10 -2 Ω -1 .cm -1 ) if electrical pulses are used to remove atoms from the specimen by a field ionization process. Laser pulsing 10 has opened the field of three dimensional atomic scale analysis to semiconducting materials and oxide thin films revealing chemical and structural information previously unattainable in such non-conducting materials. The very first analysis of bulk insulators was performed by Kellogg 11 about thirty years ago on pyrex and quartz using 337 nm -10 ns laser pulses, but the field remained limited by the lack of reliable specimen preparation methods and laser systems. More recently, with the development of reliable lasers, atomprobe tomography has been used selectively for the analysis of oxide films on metallic substrates, such as surface oxides 12 , thin films in magnetoresistive type structures, e.g. 13 , SiO 2 layers for optical devices 14 , or oxidized stainless steel surfaces 15 . These studies used <550 nm wavelength laser pulses with 355 fs, ~10 ps or ~500 ps duration.
Hono et al. 16 analyzed a bulk yttria-stabilized zirconia spinel. The results showed relatively large deviations from the expected stoichiometry for reasons that were not clear. Despite these isolated studies, the class of highly resistive, large band gap bulk materials examined by atom probe tomography, has remained to date a largely un-explored field.
To demonstrate the feasibility of analyzing selected microstructural features in bulk oxides, dense polycrystalline alumina doped with 0.036 wt% C and having an average grain size of 1.5±0.1 μm was produced by sintering in vacuum. The resulting grain structure is shown Fig. 1a after exposure to a thermal grooving treatment and deposition of a thin Pt layer. Specimens for atom-probe tomography analysis were prepared by focused ion beam milling. A specimen with a grain boundary within 50nm of the apex is shown in Fig. 1b . Note that the development of high resolution dual beam focused ion beam instruments has allowed not only the reliable preparation of nonconductive needle-shaped specimens but has also enabled the specificity of the specimen location with respect to the material microstructure 17 .
Atom-probe analyses were performed on LEAP-3000XHR and LEAP-4000XHR instruments equipped with a 532 nm -10 ps or a 400 nm -500 fs pulsed laser respectively. A mass spectrum obtained with the 532 nm laser is shown in Fig. 2 Larson et al. 18 demonstrated that ps laser pulses yields sufficient yield and mass resolution for the analysis of bulk Al 2 O 3 or SiO 2 . However, at that time, it was unclear whether near atomic resolution could be attained allowing the generation of three-dimensional atomic maps.
Recent theories were then proposed that short laser pulse wavelengths may also provide some essential clues as to the electronic structure of oxides in the one-dimensional nanoscale configuration such as that of a sharp needle geometry required for field evaporation.
The realm of oxides is now open for atomic scale probing.
